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I N T RO D U C T I O N
Harmful algal blooms (HABs) have negative impacts on aquacultured fish and bivalves in coastal seas. The raphidophycean flagellate Chattonella antiqua is the most notorious harmful species that causes mass mortalities of caged aquaculture fish. The most devastating fishery damage of 7.1 billion Japanese yen (about US $80 million) was caused by a bloom of C. antiqua in Harima-Nada, Japan in 1972. Damage greater than US $10 million caused by a single bloom of C. antiqua has continued since then. Major losses of caged yellowtails in the Yatsushiro Sea, caused by C. antiqua, totaled 8.7 billion JPY in 2009 and 2010 (Imai and Yamaguchi, 2012) . Yatsushiro Sea has suffered from continuous outbreaks of C. antiqua blooms since 2002 to 2010 with huge damage to the aquaculture industry. This demonstrates the urgent need to mitigate or prevent C. antiqua blooms.
Chemical and physical controls of HABs have been described in recent publications (Anderson et al., 2001; Imai et al., 2006) yet the adverse impacts of these mitigation strategies to marine coastal ecosystems have not been fully researched. In recent decades, the biological control of HABs using bacteria and viruses has gained attention since these microorganisms live naturally as members of marine ecosystems, suggesting that the use of these organisms as HAB mitigation tools may not have adverse effects on the environment. Most studies of these organisms have been limited primarily to their taxonomy and algicidal mode (Imai et al., 1991 (Imai et al., , 1993 Doucette et al., 1998; Mayali and Azam, 2004; Nakashima et al., 2006; Mayali, 2007) without comprehensive understanding of how these bacteria respond to changes in the microbial community. A study by Imai et al. (Imai et al., 1998) and Kim et al. (Kim et al., 1998 ) demonstrated a close relationship between algicidal bacteria (AB) and the termination of Heterosigma akashiwo (Raphidophyceae) blooms in Hiroshima Bay. However, the abundance of AB was underestimated due to a methodological limitation of the most probable number counting procedure. In fact, this method does not consider the influence of bacteria such as the promotion of the growth of some phytoplankton (Ferrier et al., 2002; Liu et al., 2008) , potentially reducing the measured algicidal activity during the assay procedure. Thus, different approaches are necessary for more accurate estimation of the activity of AB in coastal environments. In order to use AB and growth-inhibiting bacteria (GIB) as potential HAB mitigation strategies, it is important to elucidate more fully the dynamics of these bacteria in response to changes in the natural phytoplankton community.
In this study, we investigated the temporal and spatial distribution of AB and GIB that targeted the fish-killing raphidophyte, C. antiqua, during the summer of 2011 in the southwestern Yatsushiro Sea, Japan. Our approach uses an agar plate method for the isolation and quantification of heterotrophic bacteria. Once isolated, these bacteria (total of 2440 strains) were tested each for their algicidal and growth-inhibiting activity using co-culture experiments with an axenic strain of C. antiqua.
M E T H O D Sample collection
Sampling was carried out weekly from 28 June to 7 September 2011 at Station 1 (near-shore site, 32810.63 0 N, 130811.56 0 E) and St. 10 (offshore site, 32818.05 0 N, 130817.06 0 E) located in the southwestern Yatsushiro Sea, Kyushu, Japan (Fig. 1) . Seawater samples were collected from 0, 10 and 1 m above the bottom at St. 1 and 0m at St.10, and poured into acid-washed and sterilized sample bottles. Sample bottles were placed into a cooler filled with seawater and transported to the laboratory. Temperature, salinity and dissolved oxygen (DO) concentrations were measured in surface waters at the two sites with a multiple water quality meter (6600 V2-4, YSI Japan). Inorganic nitrogen (DIN: NO 3 -N þ NO 2 -N þ NH 4 -N), phosphate (PO 4 ) and silicic acid (SiO 2 ) concentrations were analyzed by autoanalyzer (AACS-4, BL-TEC). Chlorophyll a concentration was determined as proxy for the total phytoplankton biomass. Immediately after sampling, seawater was filtered through a glass fiber filter (GF/C, Whatman), and chlorophyll a was extracted with 90% acetone and quantified by a spectrofluorometer (U-2010, Hitachi High-Tech Fielding Corp.) . Phytoplankton and the bloom-forming ciliate Myrionecta rubra which sometimes causes "red water" blooms resulting in fisheries damage (Crawford et al., 1993) were observed and enumerated without fixation using a light microscope (BX-53, Olympus) within 12 h of collection.
Enumeration and isolation of particle-associated and free-living heterotrophic bacteria
Seawater samples were serially diluted with autoclaved seawater and an aliquot (1 mL) at each dilution was filtered through a sterilized 3.0 mm pore size Nuclepore filter (Whatman). The filter was placed directly on a ST10 -1 agar plate (0.05 g yeast extract, 0.5 g trypticase peptone and 15 g agar in 1 L seawater; Yoshinaga et al., 1997) for the cultivation of particle-associated bacteria (PAB). A portion (0.1 mL) of the filtrate at each dilution was spread on the ST10 -1 agar plate for the cultivation of free-living bacteria (FLB). After 2 weeks of incubation at 208C in the dark, bacterial colonies on the filters and the agar plates were visually observed and counted to calculate the numbers of PAB and FLB in each water sample, respectively. For the isolation of PAB and FLB, colonies were picked, inoculated onto a 48-well ST10 -1 agar plate and cultivated at 208C in the dark. Aliquots (15 mL) of whole seawater samples and the corresponding filtrates were fixed with glutaraldehyde (1% final concentration) and total and FLB abundance were determined using DAPI staining (Porter and Feig, 1980; Imai, 1987) and observation with a 100Â objective under UV illumination on a Nikon ECLIPSE80i upright epifluorescence microscope. The difference between the total and FLB number in each sample was estimated as the number of PAB.
Algal culture
An axenic strain of the harmful raphidophycean flagellate Chattonella antiqua (NIES-1, provided by the National Institute for Environmental Study) was used in this study. Algal cultures were maintained in the modified SWM-3 medium (Chen et al., 1969; Imai et al., 1996) at 208C under a light intensity of 50-100 mmol photons m 22 s 21 using a 14:10 h light -dark photocycle.
Detection of algicidal bacteria (AB) and growth-inhibiting bacteria (GIB)
Algicidal activities of PAB and FLB isolates (2440 strains) were tested each using axenic cultures of C. antiqua in monoxenic co-culturing experiments. Algal cultures were diluted with modified SWM-3 medium to a cell density of about 1 Â 10 3 cells mL 21 , and 0.8 mL aliquots were inoculated into disposable 48-well microplates. After incubation for 1 -2 days to confirm the state of healthy swimming cells of C. antiqua, a small portion of each colony of PAB and FLB was picked from agar medium aseptically using a sterile toothpick and inoculated to the algal cultures, and then incubated under the same conditions as described for C. antiqua cultures for 1 week. Quadruplicate wells with no addition of bacteria were used as bacteria-free controls in each microplate. Each well was observed daily with an inverted microscope (Nikon ECLIPSE TE200) for mortality or qualitative changes in algal morphology. The wells in which 90% or more of C. antiqua cells were killed within 1 week of incubation were labeled as "algicidal bacteria (AB)" and the wells in which algae motility reduction and/or cell deformation were confirmed, the bacteria were labeled as "growth inhibiting bacteria (GIB)". The density of AB and GIB was estimated by:
where N AG is the numbers of AB or GIB against C. antiqua (CFU mL 21 ), S AG is the numbers of bacterial strain showed algicidal or growth-inhibiting activity, N T is the numbers of bacterial strain tested and N C is the numbers of viable bacteria.
DNA extraction and partial 16S ribosomal RNA sequencing
Bacterial genomic DNA from a total of 65 bacterial strains (16 strains of AB and 49 strains of GIB) was extracted using a standard CTAB (hexadecyltrimethyl ammonium bromide) protocol. The universal6þ primers 27F (Delong, 1992) and 519R (Stackebrandt and Goodfellow, 1991) were applied and the bacterial 16S rRNA gene fragments (about 500 bp) were amplified using Taq DNA polymerase (Blend taq, TOYOBO). PCR was performed with an initial denaturation at 94 8C for 2 min, followed by 30 cycles of denaturation at 94 8C for 30 s, annealing at 58 8C for 30 s and extension at 72 8C for 1 min; final elongation was for 7 min at 728C. The amplified bacterial genes were sequenced by a cycle sequencing reaction using a sequencing kit (BigDye Terminator Cycle version 3.1; Applied Biosystems, Foster City, CA, USA) and the same PCR primers on a capillary DNA sequencer (ABI 3100; Applied Systems). Resulting nucleotide sequences were aligned using Chromas pro (ver. 1.7.1). A BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) sequence similarity search was performed to analyze approximately 500 bp of each consensus sequence in order to identify similarity with previously sequenced bacteria.
R E S U LT S Environmental parameters
Changes in environmental parameters from 28 June to 7 September 2011 including macronutrients, DO, temperature and salinity are shown in Figs 2 and 3 at St.1 and St.10, respectively. The temperature of the surface seawater at both stations increased gradually from the beginning of the investigation (28 June) until 7 September and ranged between 22.4 -28.88C (St.1) and 22.4 -26.88C (St.10). The temperature dropped on 5 July due to vertical mixing observed by the local fishery agency at both sites. Salinity at St.1 and St.10 was low (St.1: 30.3 PSU, St.10: 25.7 PSU) at the surface on the first day (28 June) of sampling owing to precipitation in the area. Salinity increased on 7 July (St.1: 31.8 PSU, St.10: 31.0) and remained at a similar level during the study period. DO fluctuated between 5.6 and 8.0 mg L 21 at St.1, and 5.7 -8.2 mg L 21 at St.10, respectively. Surface concentrations of dissolved inorganic nitrogen (DIN) at St.1 fluctuated between 0.2 and 6.1 mM and dissolved inorganic phosphate (DIP) remained between 0.02 and 0.29 mM. At St.10, DIN and DIP ranged from 0.2 to 3.7 mM and 0.01 to 0.29 mM, respectively. Silica (SiO 2 ) ranged from 0.8 to 12.6 mM at St.1 and 1.3 to 17.5 mM at St.10. Concentrations of the nutrients (DIN, DIP and SiO 2 ) showed peaks on both 5 July and 16 August, coincident with the vertical mixing events observed.
Microorganism community structure
The abundances and composition of phytoplankton and the abundance of the bloom-forming photosynthetic ciliate Myrionecta rubra at St.1 (0 and 10 m) and St.10 (0 m) are shown in Fig. 4 . The centric diatoms, Skeletonema spp. and Chaetoceros spp., were the numerically dominant genera at both of the stations on most sampling dates. However, Rhizosolenia spp. and Chaetoceros spp. were most abundant at the surface on 3 August at St.1, with concentrations of 650 and 168 cells mL 21 respectively, a date when both centric diatom density and chlorophyll a concentration also were highest at this station. At 10 m depth at St.1, Skeletonema spp. and Chaetoceros spp. reached their highest density of 760 cells mL 21 and 500 cells mL 21 on 28 June, respectively. Skeletonema spp. and Chaetoceros spp. were also dominant at St.10 (0 m) at the same day.
Few dinoflagellates (less than 7 cells mL
21
) and no raphidophycean flagellates, including C. antiqua, were observed at any depth at both stations throughout the sampling period.
Effects of AB and GIB
The altered morphologies of C. antiqua cells affected by AB and GIB are shown in Fig. 5 . Changes in morphology of C. antiqua vegetative cells in response to AB included cell lysis, cells settling to the bottom of wells and leakage of cytoplasm (Fig. 5B) . Besides the killing activities, two types of growth-inhibiting activities were also observed. The first was a change of the alga into a roundish cell (Fig. 5C ) from the normal spindle-shaped vegetative cell morphology of C. antiqua. This altered morphology resulted in a loss of motility and resulted in sinking of cells to the bottom of the microplate well within a week. This eventually caused the death of C. antiqua. The second type of inhibition was an elongation of the vegetative cell which inhibited cell division and also reduced its motility (Fig. 5D ). Elongated C. antiqua cells lost their ability to swim straight and rotated around at the bottom of culture plate wells.
Fluctuations in total bacteria (TB), AB and GIB
The fluctuations in total bacteria (TB) at St.1 (0, 10 and 1 m above the bottom) and at St. 10 (0 m) are shown in Fig. 6 . TB at St.1 (0, 10 and 1 m from the bottom) and St.10 (0 m) ranged from 6.2 Â 10 5 to 4.5 Â 10 6 cells mL 21 and 4.5 Â 10 5 to 1.9 Â 10 6 cells mL
21
, respectively. The highest density of TB (4.5 Â 10 6 cells mL
) was observed at St.1 (10 m) on 10 August. Figure 7 shows the fluctuations of AB and GIB, identified through co-culturing experiments with C. antiqua at St.1 (0, 10 and 1 m from the bottom) and at St.10 (0 m). AB were detected most frequently in surface water at St.1 (Fig. 7A) . The maximum value (1.6 Â 10 4 cells mL
) of AB was found on 3 August when the concentration of chlorophyll a also peaked. On the same day, the densities of AB and GIB were also highest at 10 m at St.1 (Fig. 7B ). Relatively few AB were found in near bottom waters at St.1 (Fig. 7C, B, 1 m) ; however, GIB were detected frequently. Although a small number of AB (1.0 Â 10 2 cells mL
) was measured at St.10 (Fig. 7D , 0 m) on 3 August when chl-a concentrations peaked, very few AB were isolated from St.10 throughout the periods. However, the maximum GIB value of 4.5 Â 10 4 cells mL 21 at St.10 (0 m) was detected on 10 August.
Identification of AB and GIB
Nucleotide sequences of the total 65 strains of AB and GIB were analyzed by partial 16S ribosomal RNA sequencing (approximately 500 bp) (Fig. 8) . These bacteria were classified as "Alpha (a) and Gamma (g)" within the phylum "Proteobacteria". AB consisted of one genus from a-proteobacteria, Shimia and the three genera from g-proteobacteria, Alteromonas, Vibrio and Pseudoalteromonas. GIB comprised three genera of a-proteobacteria, Shimia, Nautella and Donghicola plus five genera of g-proteobacteria, Alteromonas, Vibrio, Pseudoalteromonas, Neptunomonas and Amphritea. 
AB and GIB associated with particles
The AB and GIB were each divided into two fractions, PAB, defined as those that remained on a 3.0 mm pore size Nuclepore filter and FLB, defined as those that passed through filters into the filtrates. A total of 16 strains of AB and 49 strains of GIB were isolated from seawater at each depth of St.1 and St.10 (Fig. 9) . A high frequency of PAB, 14 out of 16 strains (87.5%), showed algicidal activity against C. antiqua (Fig. 9) . Most of the AB detected in surface waters from the both stations were PAB isolates. In contrast, less than half of the PAB isolates at both sites were confirmed to be GIB (St.1: 48%, St.10: 40%) at both sites. The majority of GIB was found to be FLB at both stations and was found at all depths at St.1.
D I S C U S S I O N
Over the past two decades, the characterization of bacteria capable of killing phytoplankton has revealed the important role that they may play in the decay of HABs (Doucette et al., 1998; Imai et al., 1998; Skerratt et al., 2002; Mayali and Azam, 2004; Mayali, 2007) . However, most studies, to date, have been limited to descriptions (rather than quantification) of their algicidal modes and their taxonomic characterization. Few comprehensive ecological studies of AB have been possible due to the lack of suitable quantification methods. In the present study, we used a co-culturing method that excludes other biological influences, such as promotion of algal growth by some bacteria to quantify dynamics of AB with fluctuations of chlorophyll a at St.1 and St.10 in the summer of 2011. Bacteria which do not grow or form colonies on agar plate were not tested in this study.
The highest density (1.6 Â 10 4 cells mL
21
) of AB was detected in the surface seawater at St.1 on 3 August when the maximum concentration of chlorophyll a was observed (Fig. 7) . The dominant groups of microalgae observed on 3 August at St.1 (0 m) were two centric diatoms, Rhizosolenia spp. (650 cells mL
) and Chaetoceros spp. (168 cells mL 21 ) (Fig. 4) with few dinoflagellates and no raphidophycean flagellates, including C. antiqua, detected. The highest density of AB was also detected at St.1 10 m depth on 3 August (Fig. 7) . Both AB and chl-a showed a simultaneous decrease thereafter suggesting that AB and total algal biomass are tightly linked. Imai (Imai, 2013 ) documented significant increases of TB and AB (Cytophaga sp.) 1 week after the peak of the C. antiqua bloom in the 10 m layer in Harima-Nada, eastern Seto Inland Sea of Japan. In the present study, TB increased at St.1 (10 m and B-1 m) (Fig. 6 ), 1 week after the peak of chl-a on 3 August (Fig. 7) . This increase corresponded to relatively low chl-a concentrations and algal cell densities (100 cells mL
). The increases of TB in the middle layer and bottom layer (St.1 on 10 August, Fig. 6 ) may be due to the accumulated organic matter derived from dead algal cells sinking from the surface waters to the bottom. Park et al. (Park et al., 2010) reported that the majority of AB during a diatom bloom were composed of PAB in Harima-Nada, the Seto Inland Sea. In our study, we observed that 87.5% (14/16) of AB were PAB (Fig. 9) . During the co-culturing experiments, it was often observed that AB attached to algal cells after killing them, likely to use the organic compounds from decaying cells for their growth. All of the AB isolated from both depths (0 and 10 m) at St.1 on 3 August were PAB isolates, suggesting that AB in nature also attach to detritus particles settling out to the sea bottom. It has been reported that bacterial cells (Vibrio cholerae) exhibited more gene expression in their aggregated forms (Brian and Bonnie, 2003) , which might also explain why the majority of AB prefer to be in particle or aggregated form (PAB) rather than free living. On the other hand, over half of the strains of GIB were detected as FLB at both stations (Fig. 9) . Wolter (Wolter, 1982) and Møller (Møller, 1983) mentioned that marine bacteria utilize extracellular organic substances exuded from phytoplankton for their growth. Some reports suggest that extracellular release of organic matter increases when phytoplankton cells are unhealthy, leading to leakage of soluble constituents in the surrounding water (Agusti et al., 1998) . Thus, quantitative studies on the importance of extracellular exudate in the process of inhibition by these bacteria is an important aspect of future GIB studies.
Two types of GIB may have allelopathic effects that induced spherical cells or elongated cells of C. antiqua frequently observed during the co-cultivation assay (Fig. 5) . The spherical cells showed a loss of motility after losing flagella. The elongated cells were compromised through the inability to divide, resulting in deformation and decreased motility. We propose to name the two types of bacteria that resulted in altered morphology of C. antiqua non-motile-inducing bacteria and elongation-inducing bacteria (EIB), respectively. More than half of EIB belong to the genus of Shimia and were more frequently isolated from the bottom seawater samples. The EIB densities of 1.3 Â 10 4 cells mL 21 were detected on 10 August at St.1 (B-1 m). This finding suggests that EIB were culturable bacteria at or near the seafloor of St.1 throughout the sampling period.
Mayali et al. (Mayali et al., 2008) reported that some bacteria can decrease the swimming speed of the motile dinoflagellate Lingulodinium polyedrum through the release of a putative protease. There have also been some reports of biotic factors that influence the physiology of phytoplankton. For example, some bacteria can promote sperm formation in the giant diatom Coscinodiscus wailesii (Nagai and Imai, 1998) and promote and/or inhibit cyst formation in the toxic dinoflagellate Alexandrium catenella (Adachi et al., 1999 (Adachi et al., , 2001 (Adachi et al., , 2003 . It is important to characterize biotic factors that affect the physiology and behavior of phytoplankton, and likely play a significant role in regulating their population dynamics.
High diversity of AB and GIB was revealed through 16S ribosomal RNA sequencing in the surface seawater at both stations (Fig. 8 ). This indicates that a variety of AB may have targeted diverse phytoplankton prey, thereby playing a significant role in the selective growth of microalgal species and in the succession of microalgal populations. However, the presence of other heterotrophic protists that prey on microalgae and/or on AB and GIB should also be taken into consideration (Mayali and Azam, 2004) . Bacterivory by microalgae has also been observed (Nygaard, 1993) . Park et al. (Park et al., 2010) documented that a diatom bloom in the Seto Inland Sea controlled the growth of Chattonella-killing bacteria, even though very few cells of C. antiqua were present, suggesting that diatom blooms potentially acted as a restraint to the Chattonella populations. High densities of AB were also observed when diatoms were abundant in this study. Killing mechanisms of C. antiqua may be similar to killing diatoms so that these Chattonella-killing bacteria were likely to be killing abundant diatoms. Thus, it is crucial to elucidate the interaction between AB, microalgae and protists to understand the ecological function of AB in marine ecosystems.
This study provides a new perspective on the dynamics of AB and GIB in that these bacteria demonstrated a close relationship with fluctuations of chlorophyll a during a period when no HABs were present. These bacteria play a significant role in regulating phytoplankton populations in natural environments by maintaining them within a target range, possibly achieving a "homeostasis of the sea". Because fewer AB were detected in offshore waters, their origin might be primarily in near-shore areas. Imai et al. (2002 Imai et al. ( , 2009 ) discovered high densities of AB attached to the surface of macroalgae and in the biofilm of eelgrass (Zostera marina), which are important constituents of nearshore, healthy coastal marine environments. Along the Japanese coastline, these coastal ecological systems have diminished in the last half century through decimation of eelgrass due to development and other human activities. These facts suggest that the loss of habitats for AB may have contributed to increased outbreaks of HABs in the coastal zones in recent decades. Comparisons of the marine flora in the water column and areas of seaweed and seagrass beds are needed to elucidate the distribution of HAB events. An understanding of the dynamics of AB, not just during HAB, but over space and time is essential to reveal the ecological preferences of these AB and GIB in coastal ecosystems.
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